The impact of the interaction between excreted and/or secreted (ES)Necator
Human hookworms infect up to 740 million individuals (11) , mostly people living in rural areas of the developing world. Necator americanus is the most prevalent of the hookworms, with an extensive geographic distribution, including subSaharan Africa, the Americas, and Asia. Hookworm infection causes more disability than death (20) , with hookworm disease occurring when infection-associated blood loss exceeds host nutritional reserves, resulting in iron deficiency anemia (IDA). In children, IDA from chronic hookworm infection can cause impairment in physical, intellectual, and cognitive development. IDA arising from hookworm infection during pregnancy can result in adverse consequences for the mother, her unborn fetus, and the neonate (7, 19) . These significant and long-term consequences of hookworm infection account for the loss of 22 million disability-adjusted life years annually (9) . Current control efforts rely on the administration of anthelmintic drugs, although significant concern regarding the sustainability of this strategy has prompted the search for new approaches for control, including a hookworm vaccine (13) .
There is little evidence that humans acquire a protective immune response to hookworm infection. N. americanus can parasitize the proximal small intestine for 5 to 7 years, with recent evidence indicating that the intensity of these infections increases with age (5, 22) . N. americanus worms pass through a succession of developmental stages in the human host, with stage-specific immune evasion mechanisms finely tuned to each environment through which they migrate and establish infection. Many of the stage-specific molecules secreted by N. americanus have immunomodulatory properties (26) . Our group has shown that excreted and/or secreted (ES) products of adult N. americanus worms selectively bind to and induce high levels of gamma interferon (IFN-␥) production in human NK cells (21) , with the ES protein(s) mediating this effect referred to as NKBP (natural killer cell binding protein). These findings led us to hypothesize that the local production of proinflammatory cytokines, such as IFN-␥, during infection might interfere with the effector function of human host Th2 responses or possibly promote a decrease in the epithelial "escalator" function of gut mucosa (10) , resulting in an environment beneficial to adult hookworms.
The aim of these studies was to investigate the interaction between ES products of adult N. americanus worms and NK cells from three types of individuals: (i) uninfected individuals with no history of exposure to helminth infection, (ii) uninfected individuals resident in an area of high Necator transmission, and (iii) Necator-infected individuals from an area of high Necator transmission. Interestingly, our data reveal that in contrast to those from noninfected individuals, NK cells from Necator-infected individuals failed to bind ES products of adult N. americanus worms. Studies were conducted to test several potential explanations for the failure of NK cells from Necatorinfected individuals to bind ES products of adult N. americanus worms. Our findings fit with the hypothesis that NK cells from Necator-infected subjects may have already interacted with ES products of adult N. americanus worms/NKBP generated during infection, making these cells refractory to interaction with exogenous ES products.
MATERIALS AND METHODS
The study was conducted in Americaninhas in the state of Minas Gerais, Brazil. Details of the study area and study sample are reported in several other articles (6, 8, 14, 23) . Briefly, individuals between the ages of 6 and 65 were recruited to the study if they met the criteria previously outlined (14) . The presence of N. americanus infection was determined by formalin-ether sedimentation followed by a Kato-Katz thick smear (24) . Only individuals found to be infected with N. americanus by these tests were enrolled in the study; individuals coinfected with any other helminth or intestinal protozoan were excluded from the study; the controls from both areas of endemicity and areas of nonendemicity were negative for all helminths and intestinal protozoa by the above-mentioned fecal-exam techniques. Fecal samples from a subset of Necator-infected individuals were obtained following treatment with albendazole (400 mg) and examined for expelled worms. Worms were clarified in a 50% phenol solution and their buccal capsules analyzed under a light microscope (ϫ100 to ϫ400 magnification); of the 150 male and female adult worms examined, all were identified as N. americanus. Approximately 20 ml of blood was collected in heparinized tubes for separation of peripheral blood mononuclear cells (PBMCs). The protocol and informed consent for individuals recruited from areas of N. americanus endemicity in Brazil were approved by the ethical review committees of The George Washington University, the Centro de Pesquisas René Rachou, and the Brazilian National Committee for Ethics in Research. The protocol and informed consent for individuals recruited from areas without active Necator transmission (in the United States) were approved by the ethical review committee of The George Washington University.
Collection and labeling of hookworm ES products. N. americanus was maintained in hamsters (32) , and Ancylostoma caninum was maintained in experimental beagles (18) . Adult worms were removed from the intestines of euthanized animals, washed in phosphate-buffered saline (PBS), and then cultured overnight in RPMI 1640 containing 100 U/ml penicillin G sodium, 100 g/ml streptomycin sulfate, and 0.25 g/ml amphotericin B (all reagents from SigmaAldrich, St. Louis, MO). ES products were concentrated using microconcentrators with a 10-kDa-cutoff membrane (Millipore, Bedford, MA). Aliquots of ES products were biotinylated by amine coupling using NHSLC-biotin (Pierce, Rockford, IL) according to the manufacturer's instructions. Biotinylated ES products (bioES) were then dialyzed against 1,000 volumes of PBS overnight at 4°C. A mixture of protease inhibitors {AEBSF [4-(2- , and e-Bioscience (San Diego, CA) (APC anti-NKG2D). Antibodies used for intracellular-cytokine staining (PE-labeled mouse anti-human IFN-␥ and PElabeled mouse immunoglobulin G2a isotype control) were purchased from Becton Dickinson (San Diego, CA).
Binding of ES products to cells and staining for FACS analysis. PBMCs were enriched from whole blood by centrifugation over lymphocyte separation medium (ICN Biomedicals, Costa Mesa, CA). Enriched PBMCs (1 ϫ 10 6 to 5 ϫ 10 6 ) were resuspended in 1 ml PBS containing 1.0 g of bioES from N. americanus and incubated for 1 h on a rocking platform at 37°C. Enriched PBMCs were also incubated with PBS alone as a control. The cells were then washed twice with PBS containing 5% fetal calf serum and stained on ice with FITCconjugated streptavidin (for detection of bioES) plus PE-labeled anti-CD16 and anti-CD56 and TC-labeled anti-CD3 (to exclude any CD56 ϩ CD3 ϩ cells during analysis). In some studies, PBMCs were cultured overnight with/without various doses (1 to 125 ng/ml) of recombinant human interleukin-10 (IL-10) (PeproTech, Rocky Hill, NJ), followed by three washes in PBS and then incubation with bioES. For some studies of receptor blocking, PBMCs were incubated with APC anti-NKG2A or anti-NKG2D for 1 h on ice prior to incubation with bioES. Effective NKG2 receptor blocking was confirmed by assessment of the presence of fluorescence-tagged anti-NKG2A and -NKG2D antibodies on the cell surface by fluorescence-activated cell sorting (FACS) analysis both before and after bioES binding.
Intracellular-cytokine staining. Whole-blood samples from individuals were collected and incubated for 24 h at 37°C and 5% CO 2 in a humidified chamber in the presence of 10 g/ml of brefeldin A, with/without phorbol myristate acetate (PMA; 25 ng/ml) and ionomycin (1 g/ml), purchased from SigmaAldrich (St. Louis, MO). On the next day, samples were lysed with FACS lysing solution (Becton Dickinson, San Diego, CA) to remove red blood cells and then stained with fluorochrome-conjugated antibodies to CD56/CD16 and CD3. Stained cells were washed and then treated with permeabilization solution (PBS containing 0.5% bovine serum albumin, 0.5% saponin, and 0.1% sodium azide) for 20 min at 4°C, followed by incubation with PE-labeled anti-IFN-␥ or an isotype control for 30 min at 4°C. Final data were expressed as frequencies of IFN-␥-expressing NK cells.
Chemotaxis assays. NK cells were purified from PBMCs by using an NK cell isolation kit (Miltenyi Biotec, Inc., Auburn, CA), in which non-NK cells are depleted using a cocktail of biotin-conjugated antibodies against CD3, CD14, CD19, CD36, and anti-immunoglobulin E, followed by incubation with antibiotin microbeads and retention on a magnetic field-activated cell sorting LS column. The purity of the recovered effluent cells was routinely 95 to 99% CD56 ϩ /CD16 ϩ by FACS analysis. Bound cells were recovered from the magnetic field-activated cell sorting column by flushing and used as a source of non-NK cells. The chemotaxis of NK and non-NK cells (60% T cells, 30% monocytes, and 10% B cells) was assessed using 48-well modified Boyden chambers (NeuroProbe, Gaithersburg, MD), with the upper and lower chambers separated by a 5-m polycarbonate membrane (NeuroProbe). The following were placed in the lower chambers, with six wells per test group: (i) medium only (1% bovine serum albumin fraction V in RPMI 1640), (ii) twofold-increasing doses (0.5 to 4 g/ml) of N. americanus ES products, (iii) 1 g/ml A. caninum ES products, and (iv) 1 ng/ml recombinant human RANTES (PeproTech). Cells were added to the upper chambers at 10 4 per well. The chambers were incubated at 37°C for 1 h, after which the membrane was removed, the nonmigrated cells were scraped off, and the membrane was stained with Wright-Giemsa to discriminate trapped cells. A chemotactic index was determined by dividing the number of migrated cells for each well by the mean number of migrated cells from the wells containing medium only.
Statistical analysis. When a continuous variable was normally distributed and had an adequate sample size (n Ͼ 30), analysis of variance was used to test whether a difference existed among groups (Ͼ2 groups). This was followed by pairwise multiple comparisons between each group by Tukey's honestly significant difference test, with the alpha level set at 0.05 and adjusted for multiple comparisons. When a variable was either (i) nonnormally distributed, (ii) dichotomously distributed, (iii) categorically distributed, or (iv) lacking in adequate sample size (n Ͻ 30), the Kruskal-Wallis test was used for among-group comparisons, followed by a Dunn test for pairwise multiple comparisons, with alpha set at 0.05 and adjusted for multiple comparisons.
individuals from areas of endemicity." Thirty-six individuals, between the ages of 6 and 65, from an area of Necator endemicity in northeastern Minas Gerais state, Brazil, were determined to be monoinfected with N. americanus by ether sedimentation and a Kato-Katz fecal thick smear, with a mean number of eggs per gram of 1,163 and an intensity of infection between 36 and 3,540 eggs per gram; these individuals are referred to as "egg-positive individuals from areas of endemicity" or "Necator-infected individuals."
Differential binding of N. americanus ES products to NK cells from infected and noninfected subjects. Previously, we reported that ES products from adult N. americanus worms bound selectively to NK cells from individuals from an area of nonendemicity (21) . Figure 1 shows a binding profile of bioES on PBMCs from three egg-negative donors from areas of nonendemicity. Even though the extents of staining varied among the three individuals, positive staining was observed only on CD56/CD16 ϩ NK cells. We then compared the binding profiles of bioES on NK cells from Necator-infected and eggnegative individuals from the same area of endemicity. As shown in Fig. 2 , NK cells from egg-negative individuals from both areas of endemicity and areas of nonendemicity demonstrated bioES binding. In contrast, NK cells from Necatorinfected individuals showed negligible binding to ES products.
It should be noted that no other leukocyte subset was observed to bind bioES (data not shown).
Differential expression of NK cell receptors in Necator-infected individuals. To provide a potential explanation for the lack of binding of ES products to NK cells from Necatorinfected individuals, we examined whether the subsets of NK cells expressing different receptors, including CD16, CD56, CD159a (NKG2A), CD314 (NKG2D), CD335 (NKp46), and KLRF1 (NKp80), might be reduced due to patent hookworm infection. Table 1 is a summary of different subsets of NK cells for egg-negative individuals (from both areas of endemicity and areas of nonendemicity) and Necator-infected individuals. Strikingly, Necator-infected individuals had higher numbers of all circulating NK cell subsets examined. However, the levels of expression of the individual markers show that levels on NK cells from egg-positive individuals were slightly decreased for NKG2A and NKG2D receptors (Table 1) .
To establish whether the decreased expression levels of NKG2A and NKG2D might account for the failure of N. americanus ES 
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Ϫ lymphocytes. CD56 ϩ cells were gated on CD3 Ϫ lymphocytes only. † indicates a significant difference between egg-negative (n ϭ 17) and egg-positive (n ϭ 36) groups at a P value of 0.05 by Tukey's test; § indicates a significant difference between the same groups at a P value of 0.10. The presence of IL-10 does not affect binding of ES products to NK cells. The second mechanism that we considered to explain the impaired interaction of ES products with NK cells from Necator-infected individuals was the presence of IL-10, a well-established immunomodulator during chronic helminth infections (4, 27) . As reported by Geiger et al. (15, 16) , IL-10 is highly elevated in individuals resident in areas of Necator transmission. To determine whether IL-10 might have the capacity to affect receptors important for binding of NK cells to ES products, we conducted in vitro binding experiments in which NK cells from egg-negative individuals were incubated for up to 72 h with different doses of IL-10 (1 to 125 ng/ml) prior to interaction with bioES. NK cells preincubated with IL-10 at all doses were observed to bind bioES to the same extent as untreated cells (Fig. 4B shows data for 25 ng/ml of IL-10). Similar studies conducted with cells preincubated with either transforming growth factor ␤ (TGF-␤) or a combination of IL-10/TGF-␤ also showed no impact on ES binding (data not shown). These findings suggest that the presence of cytokines typically associated with immune regulation during helminth infection, such as IL-10 and TGF-␤, is unlikely to affect receptor expression for ES products on NK cells and is unlikely to explain the observed failure of NK cells from Necator-infected individuals to interact with bioES.
Increased frequency of IFN-␥-producing NK cells in Necator-infected individuals. Previous data obtained by our group revealed that exposure of NK cells from egg-negative individuals to N. americanus ES products stimulates augmented production of IFN-␥ (21). We postulated that interactions between ES products and NK cells in vivo might be beneficial for adult hookworms (26) because IFN-␥ is known to cross-regulate Th2 effector responses (12, 30, 31) as well as to reduce the rate of gut epithelial cell turnover required for effective parasite expulsion (10) . We investigated whether NK cells from Necator-infected individuals might demonstrate increased IFN-␥ production due to their in vivo exposure to hookworms and/or hookworm-derived antigens. Strikingly, we found that a significantly greater percentage of NK cells from Necator-infected individuals than NK cells from egg-negative individuals produced IFN-␥ when the cells were cultured directly ex vivo. These findings strongly suggest that during Necator infection, NK cells might interact with Necator-derived products and are activated to produce IFN-␥ in situ (Fig. 5A) . When the same groups of cells were stimulated with PMA, the NK cells from both egg-negative and egg-positive individuals from the area of Necator endemicity expressed higher levels of IFN-␥ than NK cells from egg-negative individuals not resident in an area of hookworm endemicity (Fig. 5B) . We suggest that the very potent and nonspecific stimulation induced by PMA likely obscures the true relationship between Necator infection and in We also found that ES products from adult N. americanus worms can act as a recruitment factor for NK cells. As shown in Fig. 6A, N. americanus ES products caused NK cells to migrate, with the characteristic bell-shaped response of a chemokine. Interestingly, the chemotactic capacity of N. americanus ES products was specific for NK cells (Fig. 6B) . ES products from the canine hookworm species, A. caninum, did not induce human NK cell migration, which fits well with our previous observations that A. caninum ES products do not bind to NK cells (21) .
DISCUSSION
The chronicity of a hookworm infection reflects the immune system's inability to eliminate the parasite under natural conditions. As with most eukaryotic parasites, hookworms pass through a succession of developmental stages within the host, each of which bears stage-specific antigens that may either aid in escape from immunity or predetermine the character of the immune response to subsequent stages. In our previous work, which points to the second alternative, ES products of adult N. americanus hookworms bound exclusively to NK cells from uninfected individuals, causing them to secrete augmented levels of IFN-␥ (21), which would make a beneficial environment for both incoming and established hookworm infections. We now attempted to characterize the interactions between host leukocytes and N. americanus ES products in individuals with patent N. americanus infections. In contrast to our previous studies, we observed no significant binding of ES products to NK cells or to cells of any other leukocyte subset in Necatorinfected individuals, leading us to question if the distribution of NK cell subsets might be altered during hookworm infection. If the specific NK subset and/or receptor for NKBP is missing, this would explain the lack of binding by ES products ex vivo. For example, malaria-infected erythrocytes preferentially activate certain subsets of NK cells (17) , most notably those expressing high levels of the heterodimer CD94/NKG2A (1). Recent studies have also shown that different subsets of NK cells preferentially interact with filarial worms at different developmental stages (2) . We observed that Necator-infected individuals had a greater number of cells of all NK subsets examined than did negative individuals, ruling out that the failure to bind NKBP is a result of having fewer NK cells during Necator infection. When the expression levels of the individual receptors were examined, we observed slight but significant decreases in the levels of NKG2A and NKG2D only. However, our antibody preblocking studies suggest that decreased expression of these two markers is unlikely to be responsible for a lack of NKPB binding. We also explored the possibility that immunoregulatory cytokines, such as IL-10 and TGF-␤, which are documented to be elevated in individuals from areas of Necator endemicity (15, 16) and are known regulators of receptor expression on circulating leukocytes (27), might affect NKBP receptor expression. Our studies demonstrated that neither the presence of IL-10 nor that of TGF-␤ altered the capacity of NK cells from egg-negative individuals to bind ES products, suggesting that these cytokines have little impact on receptors for NKBP interaction. These observations are further supported by the findings of Geiger et al. (15, 16) , showing that high levels of IL-10 are present in all individuals resident in areas of hookworm endemicity. Despite the presence of elevated IL-10 in egg-negative individuals from areas of endemicity, their NK cells were clearly not affected in their capacity to interact with Necator ES products (Fig. 2 ). An alternative explanation for the lack of binding of ES products to NK cells from Necator-infected individuals is that their NK cells have already interacted with ES products/NKBP in vivo, making these cells refractory to further interaction with exogenous ES products. In support of this, we observed that NK cells isolated from Necator-infected patients and cultured directly ex vivo without further stimulation expressed significantly higher intracellular levels of IFN-␥ than NK cells from egg-negative individuals from both areas of endemicity and areas of nonendemicity, suggesting that these cells could have been primed to secrete IFN-␥ in vivo. Previous studies examining cytokine profiles in individuals infected with hookworms have shown a "mixed" cytokine production profile that includes the presence of IFN-␥ (15, 16, 28, 29) . Our findings that N. americanus ES products have the capacity to induce NK cell recruitment fits well with the idea that NK cells might be actively recruited by adult worms during infection, enabling them to interact with and be activated by ES products in situ. In a mouse model of filarial infection, strains that either lacked or had diminished numbers of NK cells were nonpermissive for infection, supporting the idea that NK cells contribute directly to the survival and/or immune evasion of these nematodes (3). In recent follow-up studies, third-stage larvae and microfilariae of Brugia malayi were shown to induce cytokine secretion in NK cells purified from human PBMCs (2). The authors concluded that such interactions between filarial parasites and NK cells might contribute to a cytokine milieu with the capacity to shape host immune responses to the pathogen's advantage. Thus, the presence of cytokines such as IFN-␥ would provide a means to cross-regulate Th2 responses associated with worm expulsion.
Our findings support a model where, during N. americanus infection, NK cells are attracted to the site of infection by chemotactic ES products produced by adult worms in the gut mucosa. The binding of ES products causes these NK cells to become activated and secrete IFN-␥ locally, contributing to the adult hookworm's ability to remain refractory to host immune responses for years. We also propose that NK cells from Necator-infected individuals may be refractory to binding exogenous NKBP, because their receptors have already interacted with in vivo-derived ES products. Thus, the receptors may already be saturated with ES products or may have been downregulated following interaction with ES products in vivo. Studies are currently under way to establish the presence of bound ES products on NK cells of hookworm-infected patients as well to as establish the identity of the NKBP protein(s) and its receptor on human NK cells.
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